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In this research, selective recovery and separation of nickel and vanadium in sulfate media was investi¬ 
gated by solvent extraction using D2EHPA, Cyanex 272, and their mixtures in various proportions. For 
this purpose, synthetic sulfate solutions of nickel and vanadium were prepared in 2 g/L of each metal. 
After dilution of the organic solvents in kerosene with the ratio of 1-4, experiments were carried out 
in the pH range of 1.0-7.0 in steps of 0.5 at ambient temperature. Solvent extraction of nickel and vana¬ 
dium by sole D2EHPA was performed and the extraction percentages were determined to be 90% and 80% 
for nickel and vanadium, respectively. However, the co-extraction of nickel and vanadium by D2EHPA can 
be increased with increasing equilibrium pH and temperature. It was shown that using sole D2EHPA, 
pH 50 (the pH at 50% metal extraction) values for nickel and vanadium were 3.5 and 2, respectively; which 
is not appropriate for the efficient simultaneous separation of nickel and vanadium. Adding Cyanex 272 
to D2EHPA in the organic phase, leads to a right shifting of extraction isotherm of nickel and a slight left 
shifting of the extraction isotherm of vanadium; thus, improves the separation of nickel over vanadium. 
To optimize the recovery and separation process of nickel and vanadium from the sulfate leach liquor, the 
influence of different D2EHPA to Cyanex 272 ratios and various temperatures (25,35,45, and 55 °C) were 
studied. As a result, optimum separation of vanadium over nickel was achieved with a Cyanex 272 to 
D2EHPA ratio of 0.35 M: 0.25 M. Based on the optimum results, pH 50 values for nickel and vanadium 
were shifted from 3.5 to 4.75 and from 2 to 1.75, respectively. 

© 2014 Elsevier B.V. All rights reserved. 


1. Introduction 

Due to the wide applications of vanadium and nickel in the steel 
industry as alloying elements, ceaseless extraction of mineral 
resources of these two metals are becoming more and more insuf¬ 
ficient to answer the rapid growing demands especially in industri¬ 
alized countries. On the other hand, fulfilling of burned or spent 
materials which contains toxic metals could leave irreparable envi¬ 
ronmental effects. In recent years, various secondary sources of 
vanadium and nickel such as fly ashes, crude oil, power plants res¬ 
idues, spent catalysts and stone coals have drawn attention of 
researchers to recovery of metals [1-4]. 

Fly ash generated by power plants is categorized as a special 
waste by US EPA. There are variety of fly ashes such as Cyclone 
Fly ash (CF) which is collected by cyclone collectors and Electro¬ 
static Precipitated fly ash (EP) which is captured by electrostatic 
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collectors. These residues from fossil fuel combustion are captured 
by pollution control equipment and disposed in special landfills. 
The mentioned fly ashes are very fine and due to their low density, 
proper disposal of them is very difficult [5,6]. 

In landfills, leaching of heavy metals such as nickel and vana¬ 
dium into ground water, soil, and/or surface water is the main 
potential environmental concern. Additionally, due to the limited 
storage capacity of landfills, safe disposal becomes more and more 
costly. Based on the statistics, the annual production of fly ash from 
coal-fired power plants (CFP) in Europe is almost 38 million tons. 
Furthermore, incinerators generate about 12 million tons of fly 
ash annually from 250 million tons of municipal solid wastes in 
Europe [7]. In Taiwan, the approximate production of fly ashes is 
43,000 tons per year that 13,000 tons of total amount is EP fly 
ash and the rest is CY fly ash [6]. Also, The fraction of vanadium- 
containing fuel oil in power generation plant production at domes¬ 
tic thermal power stations in Russia is 13%; this corresponds to 
around 7 million tons per year [8]. Therefore, it is imperative to 
develop means of both diverting these types of wastes from the 
solid waste stream, and also recovering nickel and vanadium as 
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valuable metals from fly ashes due to environmental and economic 
reasons. 

Hence, in order to find a comprehensive route for extracting and 
separating nickel and vanadium, researchers have paid special 
attention to this subject in recent years. Different hydrometallurgi- 
cal processes (leaching, ion exchange, electrolysis, cementation, 
precipitation, crystallization, and solvent extraction) have been 
used to recover and separate metals from each other [9]. Solvent 
extraction as one of the environmentally friendliest processes, is 
a hydrometallurgical method for purification, concentration, and 
separation of metals from each other [10,11]. Solvent extraction 
of nickel and vanadium was studied by using D2EHPA, Cyanex 
272, Cyanex 923, Cyanex 302, and PC88-A as a synergist system 
or sole extractant for evaluating the separation and extraction of 
the metals in chloride and sulfate media 12-26]. 

In order to extract nickel and vanadium from secondary sources 
different hydrometallurgical routes have been used by researches. 
Kersch et al. [7] studied extraction of heavy metals from fly ash by 
supercritical C0 2 fluid and solvent extraction. Amer [27] leached 
boiler-ash with sulfuric acid to recover vanadium and nickel. Lai 
et al. [28] studied metals (e.g., Al, Co, Cu, Fe, Mo, Pb, V, and Zn) 
recovery from spent Hydro Desulfurization Catalysts (HDS) by 
electrolysis experiments. To recover Ni and V, acidic leaching of 
power plant fly ash which contains Ni, V, Mn, Fe, Cr, Mg, Zn, Pb, 
and Al was performed by Nazari et al. [29]. Except for nickel, vana¬ 
dium and iron, concentration of other elements in the fly ash was 
less than 1%; therefore, the mentioned elements made no major 
influences on solvent extraction process. In addition, since Fe 2+ is 
not extractable by D2EHPA and Cyanex 272 [19,30], to control iron 
concentration during the solvent extraction process, iron can be 
reduced from Fe 3+ to Fe 2+ . In order to extract nickel and vanadium 
from heavy oil fly ash, Tokuyama et al. [31] investigated a process 
with two different steps; leaching and ion exchange. Al-Ghouti 
et al. [32] studied extraction and separation of vanadium and 
nickel from fly ash produced in heavy fuel plants. Although 
researchers have tried to develop a process for extracting and 


separating both nickel and vanadium from secondary sources, they 
ended up with problems such as being time-consuming, contami¬ 
nating ground water, producing degraded salts, operating non- 
selective, and not being cost-effective. On the other hand, some 
of the suggested routes only work out for vanadium; although, 
there were considerable amount of nickel or vice versa [1,5,33-35]. 

Instead of using a single extractant, mixtures of extractants can 
give rise to synergistic effects and better selectivity of metal extrac¬ 
tion/separation in solvent extraction processes [16-22,36-38]. 
Previously, synergism has been applied to the separation of 
nickel-cobalt system by Darvishi and his co-workers. Using 
D2EHPA, Cyanex 272 and Cyanex 302, Babakhani et al. also studied 
synergism for separating nickel and cadmium from sulfate media by 
using mixtures of D2EHPA and Cyanex 302 [22]. In order to separate 
valuable metals such as cobalt, copper, manganese, and lithium 
from leach liquors of lithium ion batteries, mixtures of PC-88A 
and Cyanex 272 and their synergistic effects have been studied 
[39,40]. Also, influence of TBP as both an organophosphorus extract- 
ant[19, 41-44 and a modifier 22,45 on solvent extraction systems 
has been investigated by various researchers. It is worth mentioning 
that TBP as a modifier could avoid the third phase formation and 
enhance separation factor during solvent extraction processes. 

In the present study, solvent extraction has been used for 
extraction and separation of vanadium and nickel from sulfate 
solution. As a commercial extractant, D2EHPA has been used for 
extracting nickel and vanadium, despite the fact that D2EHPA 
has a co-extraction property [16,19,22,24,25,46] . Therefore, using 
sole D2EHPA is unacceptable for this purpose. Among cationic 
extractants Cyanex 272 shows better features of extraction on V 
(IV) and nickel (II) in sulfate medium while Cyanex 923 and 921 
are suitable for chloride medium [14,16,25,46,47]. In addition, Cya¬ 
nex 302 completed extraction of vanadium (IV) at pH 5 and Cyanex 
301 extracts nickel and vanadium at nearly same pHs [48,49]. 
Although Cyanex 272 offers proper extraction and separation for 
both nickel and vanadium, it is relatively more expensive to be 
used commercially. Thus, for the commercial application aims, 
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••••#••• Ni(Cyanex272 0.60M) 


Fig. 1 . Extraction of vanadium and nickel as a function of pH at 25 °C and O/A ratio of 1:1 in kerosene, (b) Cyanex 272. 
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effect of mixtures of D2EHPA and Cyanex 272 as synergistic 
extractants on the separation of nickel and vanadium was studied 
and discussed. In this regard, synergistic enhancement coefficient, 
R, as a parameter for considering effect of synergism and separa¬ 
tion factor as a parameter for evaluating separation efficiency were 
studied. Finally, effect of temperature, TBP as a modifier, and ther¬ 
modynamic aspect of the solvent extraction process were studied. 


2. Experimental 

2.1. Materials 

Vanadyl sulfate (96% pure) and nickel sulfate (99% pure) salts 
were obtained from Merck, Germany. The organic solvents used 


in this work were industrial-grade without further purification. 
Di-(2-ethylhexyl) phosphoric acid (D2EHPA), 97% pure, was pur¬ 
chased from Bayer, Germany and di(2,4,4-trimethylpentyl) phos- 
phinic acid (Cyanex 272), 90% pure, was supplied from Fluka, 
Canada. Kerosene, obtained from Tehran Oil Refinery Co., was used 
as diluent. Tri-n-butyl phosphate (TBP), 99% pure, purchased from 
Fluka, Canada was used as a modifier. Sulfuric acid (98% pure) and 
ammonium hydroxide, from Merck, Germany, were used as pH 
modifiers. 

2.2. Experimental procedure 

Stock solution of nickel (II) and vanadium (IV) with a concentra¬ 
tion of 2 g/L from each metal ion was prepared by dissolving the 
required amount of nickel sulfate and vanadium sulfate in diluted 





Fig. 2. Species distribution diagram of (ai) 40 mM vanadium at 25 °C and (a 2 ) 1 pM vanadium at 25 °C and (b) 34 mM Nickel at 25 °C. 
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sulfuric acid solution with distilled water. The mentioned concen¬ 
tration is similar to the leachate solution of a typical fly ash feed. 
Each solvent extraction test was performed by mixing 200 mL of 
the aqueous phase solution with 200 mL of the organic phase con¬ 
taining 20% v/v of the extractant and 80% v/v kerosene. In extrac¬ 
tion tests for plotting McCabe-Thiele diagrams, O/A ratio varied 
from 1:4 to 4:1. The concentration of the extractant in the organic 
phase (sole D2EHPA, Cyanex 272 or D2EHPA-Cyanex 272 mixtures) 
was 0.6 M in all experiments. Temperature of the system was con¬ 
trolled by a thermostatic bath and the extraction experiments were 
carried out at 25,35,45 and 55 °C. In order to obtain the extraction 
isotherms, pH was successively changed by adding either sulfuric 
acid (4 M) or ammonium hydroxide solution at 25% concentration 
drop wise; while the two-phase mixture was being agitated via a 
mechanical shaker. A PY-11 pH meter Sartorius made in Germany 
was used to monitor pH during the experiments and after the pH 
was stable, the mixture was agitated for at least 10 min to ensure 
that the equilibrium was attained. Then, a sample was taken, trans¬ 
ferred to a separatory funnel, and allowed to disengage. In order to 
ensure the complete separation, a Hettich EBA-20 centrifuge was 
used by 5 min in 5000 rpm. 

Nickel content was determined by complexometric titration 
using EDTA and murexide as indicator, and vanadium content 
determined by ferrous ammonium sulfate titration method 50]. 
Then, the concentration of metal ions in the organic phase was cal¬ 
culated from the difference between concentrations in the aqueous 
phase before and after extraction by mass balance [22,37]. 

The distribution ratio (D) was calculated as the ratio of concen¬ 
tration of metal present in the organic phase to that part in the 
aqueous phase at equilibrium. From D values, the percentage 
extraction (%E) and separation factor 0 3 ) were calculated from: 


%E = 


Dx 100 

D + WjVo 5 


0 ) 


where V aq and \Z or g are the volume of aqueous and organic phase: 

R Dv Morg/Ma,, ,, 

P D m [Ni] org /[Ni] aq 1 


3. Results and discussion 

3.1. Effect of equilibrium pH 


to 4 and obviously the concentration of the desirable specie is max¬ 
imum up to pH 2. Fig. 2ai and c show that below pH ca. 3, V0 2+ is 
the dominant vanadium species and Fig. lb illustrates that at pH 
below ca. 2.3 vanadium extraction is maximum. At pH above 2.3, 
according to the species distribution diagram at 40 mM, the con¬ 
centration of V0 2+ reduces. However, based on the results in 
Fig. lb it can be seen that the vanadium extraction is still maxi¬ 
mum. This could be due to the fact that most of the vanadium in 
solution has been extracted before this pH and only about 5% is 
remained in aqueous phase. As shown in Fig. 2a 2 , distribution dia¬ 
gram for vanadium at 1 pM concentration, V0 2+ is dominant in a 
wider pH range (below pH 4). It is worth mentioning that as the 
extraction proceeds, most of the vanadium ions transfer to the 
organic phase; in other words, the concentration of vanadium 
decreases. Therefore, the pH range at which V0 2+ is predominant, 
increases, as shown in Fig. 2a 2 . This figure illustrates the species 
distribution diagram for vanadium at 1 pM concentration, which 
could be the extreme low concentration. The other species of vana¬ 
dium are in anionic form which could not be extracted by anionic 
extractants. 

Fig. 2b shows the species distribution diagram of nickel for 
34 mM (2 g/L) at 25 °C. As can be seen at pH 0 to 7, Ni 2+ is the only 
stable specie of nickel; however, at alkaline pH range of 7-14 
Ni(OH) 2 is stable. Therefore, the only practical extractant for 
extraction of nickel must be anionic and pH 0 .s could be changed 
from 0 to 7. Additionally, by using the data of Fig. 2ai and b, it is 


[V0 2+ ] xox = 40.00 mM t= 25°C 



Fig. la shows the extraction percentage of vanadium and nickel 
ions as a function of equilibrium pH by using different concentra¬ 
tions of D2EHPA in kerosene at 25 °C and O/A 1:1. As seen from 
extraction isotherms, by decreasing concentration of D2EHPA, 
extraction percentage of both metal ions from aqueous phase 
decreased at constant pH. It can also be concluded that increasing 
pH from 1 to 7 leads to an increase in extraction of both vanadium 
and nickel by D2EHPA as the extractant. In addition, the extraction 
isotherms are shifted to the right by decreasing D2EHPA 
concentration. 

It can be seen in Fig. lb, similar to the previous figure, with 
reducing concentration of Cyanex 272, extraction is completed at 
higher pHs. This variation in pH 0 .s is more perceptive for nickel 
than vanadium and as depicted in Fig. lb, pH 0 .s of nickel varied 
from 5.6 to 7.6 by decreasing Cyanex 272 concentration from 
0.6 M to 0.15 M. The possible variation of pH 0 .5 for vanadium and 
nickel could be explained by depicting species distribution 
diagrams. 

Fig. 2ai illustrates the species distribution diagram of vanadium 
at concentration of 40 mM (2 g/L) at 25 °C. According to the figure, 
it is obvious that the only vanadium specie to be extracted by an 
anionic extractant, in this case, is V0 2+ which is stable from pH 0 


Fig. 3. The E h -pH diagram of vanadium at 40 mM vanadium concentration at 25 °C. 



Equiulbrium pH 


» vanadium 0.00 M Cyanex 272 
—■— vanadium 0.15 M Cyanex 272 
—▲— vanadium 0.30 M Cyanex 272 
—*—Vanadium 0.35 M Cyanex 272 
—83— Vanadium 0.40 M Cyanex 272 
—•— vanadium 0.45 M Cyanex 272 
—::— vanadium Cyanex 0.60 M 272 


nickel 0.00 M Cyanex 272 
nickel 0.15 M Cyanex 272 
•■••A”-- nickel 0.30 M Cyanex 272 
•••«••• Nickel 0.35 M Cyanex 272 
Nickel 0.40 M Cyanex 272 
••"•••• nickel 0.45 M Cyanex 272 
nickel 0.60 M Cyanex 272 


Fig. 4. Effect of increasing Cyanex 272 to D2EHPA on extracting nickel and 
vanadium at 25 °C and O/A ratio of 1:1 in kerosene. 
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obvious that changing of extractant and concentration of extract¬ 
ants could influence more on nickel than vanadium. The E^-pH dia¬ 
gram for vanadium-water system at 25 °C is shown in Fig. 3. In 
aqueous solution, the colors of V0 2+ , VO 2 , V 3+ , V 2+ are blue, yellow, 
green, and lilac, respectively [6,51]. Aqueous solution used in this 
study was blue which is an indication that V0 2+ was the predom¬ 
inant species in the system. In addition, several investigations 


Table 1 

Values of pH 0 .s for nickel and vanadium and ApH 0 .s (V-Ni) for different mixtures of 
D2EHPA and Cyanex 272 at 25 °C and 0/A ratio of 1:1 in kerosene. 


D2EHPA: Cyanex272 

pH 0 .s 

V 

Ni 

ApHo.5 (V-Ni) 

0.6:0.0 

2 

3.5 

1.5 

0.45:0.15 

1.9 

4.1 

2.2 

0.3:0.3 

1.8 

4.5 

2.7 

0.25:0.35 

1.8 

4.7 

2.9 

02:0.4 

1.7 

5.1 

3.4 

0.15:0.45 

1.6 

5.2 

3.7 

0.0:0.6 

1.5 

5.6 

4.1 



X Cyanex 272 


Fig. 5. Effect of adding Cyanex 272 on pH 0 .s at 25 °C, and O/A ratio of 1:1 in 
kerosene. 


emphasize that cationic extractants such as D2EHPA and Cyanex 
272 extract vanadium as V0 2+ from vanadium-water system 

[17,19,21,24,52]. 

Fig. 4 illustrates effect of adding Cyanex 272 to D2EHPA on the 
extraction and separation of vanadium and nickel ions as a func¬ 
tion of pH at 25 °C. This figure demonstrates remarkable synergis¬ 
tic shifts of nickel isotherms to the right in the presence of Cyanex 
272, but there are slight shifts to the left for vanadium isotherms. 
In other words, addition of Cyanex 272 to D2EHPA substantially 
improves the separation of V0 2+ over Ni 2+ . 

As it can be seen from Table 1, the ApH 0 .5 (difference between 
pH 0 5 for vanadium and nickel) varied from 1.5 (for 0.6 M D2EHPA) 
to 4.1 (for 0.6 M Cyanex 272). Consequently, by using a mixture of 
Cyanex 272 and D2EHPA, value of the ApH 0 .5 is higher than that of 
sole D2EHPA. Furthermore, Fig. 5 shows the synergistic effect of 
Cyanex 272 on pH 0 .s and it can be seen that adding Cyanex 272 
to D2EHPA relatively decreases pH 0 .5 values of vanadium and shar¬ 
ply increases those of nickel. 

The distribution coefficient, D, was calculated as the concentra¬ 
tion of metal ions in the organic phase to that part in the aqueous 
phase at equilibrium. The results of the distribution coefficient val¬ 
ues and separation factor calculations are shown in Table 2. It is 
obvious that by increasing the Cyanex 272 to D2EHPA ratio separa¬ 
tion factor increased .Although, at the first stages of adding Cyanex 
272, a minor influence on separation factor was observed and after 
adding 0.3 M Cyanex 272 to D2EHPA, a significant influence started 
to occur as seen in Table 2. Maximum separation factor was 
obtained at pH 4 by sole Cyanex 272 (fi = 219). Since Cyanex 272 
is more expensive than D2EHPA, solvent extraction process using 
sole Cyanex 272 is not cost-effective. Thus, the ratio of 0.25 M 
D2EHPA to 0.35 M Cyanex 272 was chosen as the best ratio under 
studied conditions. 

In order to quantify the synergistic effect, the synergistic 
enhancement coefficient (E) was defined as: E = D mixture / 

Elcyanex272 + E^d 2EHPA> where D m i x t ure , Elcyanex272 And E)[)2EHPA Ate the 
distribution ratio of vanadium (or nickel) using the synergistic mix¬ 
tures and the individual extractants, respectively [39,53,40,54]. 
Whatever the synergistic enhancement coefficient has more dis¬ 
tance from 1, it means that addition of Cyanex 272 to D2EPHA has 


Table 2 

Values of D v , D Ni and ftv/m for different mixtures of D2EHPA with Cyanex 272 at 25 °C, and 01A ratio of 1:1 in kerosene. 


Molar ratio of D2EHPA: Cyanex 272 

pH 












1 



2 



3 



4 

0.60:0.00 

D v 

3.70 

X 

10- 1 

1.04 



3.44 



5.67 


Dm 

1.11 

X 

10- 1 

1.90 

X 

10- 1 

3.61 

X 

10- 1 

2.77 


By/Ni 

3.33 



5.47 



9.53 



2.05 

0.45:0.15 

D v 

2.99 

X 

10- 1 

1.33 



4.88 



1.23 x 10 1 


Dm 

9.29 

X 

10“ 2 

2.02 

X 

10- 1 

3.33 

X 

10- 1 

6.18 x 10- 1 


Bv/m 

3.22 



6.58 



1.47 

X 

10 1 

1.91 x 10 1 

0.30:0.30 

D v 

2.50 

X 

10- 1 

1.50 



5.67 



1.43 x 10 1 


Dm 

7.76 

X 

10“ 2 

1.88 

X 

10- 1 

2.59 

X 

10- 1 

3.61 x 10- 1 


Bv/m 

3.22 



7.98 



2.19 

X 

10 1 

2.49 x 10 1 

0.25:0.35 

D v 

2.20 

X 

10- 1 

1.86 



7.33 



1.33 x 10 1 


Dm 

5.49 

X 

10“ 2 

1.11 

X 

10- 1 

1.24 

X 

10- 1 

1.24 x 10” 1 


Bv/m 

4.01 



1.67 

X 

10 1 

5.91 

X 

10 1 

1.07 x 10 2 

0.20:0.40 

D v 

1.90 

X 

10- 1 

2.33 



7.33 



1.37 x 10 1 


Dm 

4.93 

X 

10“ 2 

7.53 

X 

10- 2 

9.89 

X 

10- 2 

1.11 x 10- 1 


Bv/m 

3.85 



3.09 

X 

10 1 

7.41 

X 

10 1 

1.23 x 10 2 

0.15:0.45 

D v 

1.63 

X 

10- 1 

3.00 



1.33 

X 

10 1 

1.90 x 10 1 


Dm 

3.31 

X 

10“ 2 

8.70 

X 

10- 2 

8.70 

X 

10“ 2 

8.70 x 10“ 2 


Bv/m 

4.92 



3.45 

X 

10 1 

1.53 

X 

10 2 

2.19 x 10 2 

0.00:0.60 

D v 

9.29 

X 

10“ 2 

3.44 



1.33 

X 

10 1 

1.90 x 10 1 


Dm 

2.04 

X 

10“ 2 

6.38 

X 

10“ 2 

7.53 

X 

10“ 2 

8.70 x 10“ 2 


Bv/m 

4.55 



5.39 

X 

10 1 

1.77 

X 

10 2 

2.19 x 10 2 
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12 3 4 

Eqiulibrium pH 


■ Cyanex 272 0.15M + D2EHPA 0.45M 

■ Cyanex 272 0.30M + D2EHPA 0.30M 

■ Cyanex 272 0.45M + D2EHPA 0.15M 



12 3 4 


■ Cyanex 272 0.15M + D2EHPA 0.45M 

■ Cyanex 272 0.30M + D2EHPA 0.30M 

■ Cyanex 272 0.45M + D2EHPA 0.15M 


Equilibrium pH 

Fig. 6. Synergistic effect of adding Cyanex 272 to D2EHPA on, (a) vanadium synergistic enhancement coefficient (R) and (b) nickel synergistic enhancement coefficient (R). 


more effect on nickel and vanadium extraction in comparison with 
using the mentioned extractants separately. The best condition will 
occur when the synergistic enhancement coefficient is greater than 
1 and the maximum ApH 0 .s is obtained. 

Fig. 6 a and b demonstrate the synergistic effect of adding 
Cyanex 272 to D2EHPA on nickel and vanadium, respectively. 
According to Fig. 5a, at fixed pHs, with increasing concentration 
of Cyanex 272 to D2EHPA, it can be seen that synergistic coefficient 
increased. In other words, the mixture of extractants have positive 
effects on the extraction of vanadium than that of using each 
solely. At constant molar ratios of Cyanex 272 to D2EHPA, by 
increasing pH from 1 to 4 the synergistic coefficient increased to 
more than 1 which means adding Cyanex 272 to D2EHPA and 
increasing pH both enhance the extraction of vanadium. In case 
of nickel, at fixed pHs, by increasing Cyanex 272 to D2EHPA from 
molar ratios of 0.15:0.45 to 0.3:0.3 the synergistic enhancement 
coefficient is increased; however, at molar ratio of 0.15:0.45 
D2EHPA to Cyanex 272 it is considerably decreased. At fixed molar 
ratios, by increasing pH from 1 to 4 the synergistic enhancement 


coefficient strongly decreased to less than 1 which means adding 
Cyanex 272 to D2EHPA after 0.3:0.3 M ratio and varying pH from 
1 to 4 both can reduce the extraction of nickel. To conclude, syner¬ 
gistic enhancement coefficient corresponds to a positive influence 
on vanadium extraction and in case of nickel makes a negative 
effect. However, the main aim of this study was separation of vana¬ 
dium over nickel which was provided excellently by the mixture of 
Cyanex 272 and D2EHPA. 

3.2. Influence of TBP concentration 

To determine the effect of TBP as a modifier, experiments were 
carried out with 3% and 7% TBP in 0.25 M D2EHPA:0.35 M Cyanex 
272 in kerosene at 0:A ratio of 1:1 and temperature of 25 °C. Mix¬ 
ture of 0.25 M:0.35 M D2EHPA to Cyanex 272 was chosen because 
the selectivity of process from economical viewpoint is high 
enough. The addition of TBP caused the extraction isotherms of 
vanadium and nickel both to shift to the left which is shown by 
pH 0 5 values for vanadium and nickel in Table 3. It reveals that 


Table 3 

Values of pH 0 .5 for nickel and vanadium, ApH 0 .s (V-Ni), and separation factor at pHs 1-4 for different concentration of TBP at fixed concentration of 0.35 M Cyanex 272 to 0.25 M 
D2EHPA, 0/A ratio of 1:1, and 25 °C in kerosene. 


Parameters 

TBP 

pH 

pHo.s (V) 

PHo.s (Ni) 

ApHo.5 (V-Ni) 

D(V) 

D (Ni) 

SF 

Values 

0% 

1 

1.8 

4.7 

2.9 

0.219 

0.055 

3.982 



2 




1.857 

0.111 

16.730 



3 




7.333 

0.124 

59.377 



4 




13.286 

0.136 

97.691 


3% 

1 

1.6 

4.4 

2.8 

0.299 

0.022 

13.907 



2 




3.550 

0.031 

114.516 



3 




12.889 

0.099 

130.324 



4 




19.833 

0.406 

48.850 


7% 

1 

1.5 

4.2 

2.7 

0.370 

0.016 

23.125 



2 




9.000 

0.020 

441.176 



3 




21.222 

0.081 

262.000 



4 




30.250 

0.572 

52.885 
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Fig. 7. Separation factor vs. equilibrium pH with TBP concentration: 0-7% at 
D2EHPA (0.25) M to Cyanex 272 (0.35 M), O/A ratio of 1:1, 25 °C in kerosene. 
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Fig. 8. (a) Structure of TBP, (b) schematic “d” orbitals of vanadium and nickel. 
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Fig. 9. Effect of temperature on the extraction of vanadium and nickel using 0.25 M 
D2EHPA and 0.35 M Cyanex 272 and A/0 ratio of 1:1. 


ApHo.5 of vanadium-nickel decreases from 2.9 (in the absence of 
TBP) to 2.7 (in the presence of 7% TBP). Fig. 7 shows the effect of 
TBP on separation factor. In this figure, it could be seen that by 
using 7% of TBP at pHs above 2 maximum separation factor 
(440) was achieved. Therefore, using 7% of TBP has a major posi¬ 
tive influence on nickel and vanadium extraction, although it has 
a minor negative effect on ApH 0 . 5 - 

It seems that TBP does not act through a synergistic process 
with D2EHPA and Cyanex 272. The fact is that addition of TBP at 
pH = 2 increased the extraction of vanadium over nickel in the sys¬ 
tem. This phenomenon could be attributed to the fact that atomic 
structure of vanadium and nickel are slightly different. As a transi¬ 
tion metal, in both vanadium and nickel filling of the penultimate 
shell “d” orbitals occurs. However, in the case of vanadium with 
atomic number of 23 two vacant orbitals are available for bonding. 
These vacancies should be shared with the lone pair electrons of 
oxygen in TBP. Thus, complexes could be formed. As shown in 
Fig. 8 (added to the revised manuscript) in the case of nickel, all 
the “d” orbitals are filled or semi-filled with electrons. Therefore, 
nickel is not able to form complexes with TBP, i.e., being extracted 
to the organic phase. 

3.3. Effect of temperature 

To evaluate the effect of temperature, extraction isotherms of 
vanadium and nickel at 35, 45, and 55 °C were determined for a 
0.35 M:0.25 M mixture of Cyanex 272:D2EHPA diluted in kerosene 
at O/A ratio of 1:1. These are shown in Fig. 9 alongside with the cor¬ 
responding isotherms at 25 °C for comparison. Generally, the 
extraction of vanadium increases slightly as the temperature 
increases from 25 °C to 55 °C. Extraction of nickel also increases 
with increasing temperature from 25 to 55 °C. From Table 4 it 
can be seen that ApH 0 .s gradually increased. Thus, it can be con¬ 
cluded that both extraction isotherms are shifted to the left, but 
they are not to the same extent toward pHs by increasing the tem¬ 
perature. Extraction isotherm for nickel is shifted to the left more 
than vanadium. In conclusion, it indicates that higher tempera¬ 
tures are not beneficial for the separation of nickel and vanadium 
considering the amount of energy has to be consumed to elevate 
the temperature from 25 to 55 °C. 

The influence of temperature has been studied in the present 
work for vanadium and nickel extraction at pHs 2 and 4.5, respec¬ 
tively at fixed concentrations of D2EHPA and Cyanex 272 
(D2EHPA = 0.25 M, Cyanex 272 = 0.35 M) in a synergistic system. 
The relationship between distribution ratio and temperature is: 


Table 4 

Values of pH 0 .s for nickel and vanadium and ApH 0 .s (V-Ni) for temperatures 25-55 °C, and separation factor for different pHs in O/A ratio of 1:1 in kerosene. 


Parameters 

Temp. 

pH 

pHo.s (V) 

PHq.5 (Ni) 

ApHo.s (V-Ni) 

D (V) 

D (Ni) 

SF 

Values 

25 °C 

1 

1.8 

4.7 

2.9 

0.219 

0.055 

3.982 



2 




1.857 

0.111 

16.730 



3 




7.333 

0.124 

59.377 



4 




13.286 

0.136 

97.691 


35 °C 

1 

1.7 

4.5 

2.8 

0.250 

0.078 

3.205 



2 




2.058 

0.133 

15.474 



3 




8.900 

0.143 

62.238 



4 




14.385 

0.152 

94.630 


45 °C 

1 

1.6 

4.3 

2.7 

0.266 

0.093 

2.860 



2 




2.367 

0.130 

18.208 



3 




10.494 

0.170 

61.729 



4 




15.667 

0.200 

78.335 


55 °C 

1 

1.7 

4.1 

2.6 

0.300 

0.129 

2.326 



2 




2.921 

0.165 

17.703 



3 




15.667 

0.202 

77.559 



4 




20.739 

0.227 

91.361 
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Fig. 10. Relationship between distribution coefficient and temperature for, (a) 
vanadium extraction, pHe = 2 and (b) nickel extraction, pHe = 4. 
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By achieving distribution ratio and temperature, the change of 
enthalpy of the reaction, AH, can be calculated. Plots of logD versus 
T^ 1 ( K ~*) for vanadium and nickel are shown in Fig. 10 a and b, 
respectively. The AH value was calculated for vanadium as 
12.12 kj mol -1 and also for nickel calculated as 20.72 kj mol -1 . 
The sign of AH for both metal ions are positive, indicating that 
the synergistic extraction process is endothermically driven. These 
results are comparable with the ones published by Li et al. [52] and 
Darvishi et al. [16]. 

3.4. McCabe-Thiele diagram for extraction of nickel and vanadium 

To determine the number of stages required at a selected vol¬ 
ume phase ratio, vanadium (IV) and nickel (II) extraction isotherms 
at fixed concentration of D2EHPA 0.25 M to Cyanex 272 0.35 M 
were obtained at different O/A ratio from 1:4 to 4:1 at a pH of 
2.5 for vanadium extraction and pH of 5.5 for nickel extraction, 
respectively. McCabe-Thiele diagrams of these metals are shown 
in Fig. 11a and b. It was found that under the experimental condi¬ 
tions, vanadium (IV) (2 g/L) and nickel (II) (2 g/L) were completely 
extracted both in two stages. 


4. Conclusions 

1. In extraction of vanadium and nickel from sulfate media, 
increasing Cyanex 272 to D2EHPA, at fixed total concentration 
of 0.6 M, caused a slight shift to the left on extraction isotherm 
of vanadium, but a major influence on nickel extraction by 
shifting the isotherm significantly to the right. 

2. Maximum separation factor of 219 was obtained by using sole 
Cyanex 272. 

3. Synergistic enhancement coefficient (R) revealed that 
synergism has a positive effect on extraction of vanadium and 
negative effect on that of nickel. 

4. Addition of TBP as a modifier has a major positive effect on sep¬ 
aration factor, i.e., by using TBP (7%) at pH = 2 separation factor 
increased to 440. 

5. Increasing temperature from 25 to 55 °C both nickel and vana¬ 
dium extraction isotherms shifted to the left and no significant 
effect on the separation of both metals was observed. 

6. Change of enthalpy, AH, for vanadium and nickel was deter¬ 
mined to be 12.12 kj mol -1 and 20.72 kj mol -1 , respectively. 

7. McCabe-Thiele showed two stages of extraction for both nickel 
and vanadium at 0:A = 1:1. 



Fig. 11. McCabe-Thiele diagram at fixed concentration of D2EHPA (0.25 M) to 
Cyanex 272 (0.35 M) in kerosene, (a) for vanadium (IV) extraction and (b) for nickel 
(II) extraction. 
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